Resumen. En este trabajo se utilizó la química cuántica para el diseño de varios pigmentos basados en configuraciones estructurales A-π-D-π-A. El objetivo fundamental del trabajo fue estudiar el efecto de derivados tiadiazol deficientes de electrones como espaciadores π. El papel de estos espaciadores π en pigmentos basados en fenoxazin fue estudiado mediante óptica no linear (ONL) electrónica y propiedades de absorción. Las estructuras electrónicas, los espectros de absorción y la respuesta ONL se calcularon empleando métodos de la química cuántica. Los resultados revelan que la polarizabilidad (α) y la hiperpolarizabilidad (β) se incrementan marcadamente del pigmento 1 al 5.
Introduction
An easy, low cost synthesis and fabrication of organic compounds make them suitable for electronic applications. Structural versatility of organic compounds allow easy tuning of the chemical structures and properties. [1] It is well-known that the intramolecular charge transfer (CT) strongly affects first hyperpolarizabilities/second order non-linear optical properties. [2] To get higher efficiency, a dye should have higher molar extinction coefficients in visible and IR region. The selection of conjugating length is very important to control molar extinction coefficients and light harvesting ability. [3] Organic molecule acceptors mostly display narrow absorption band in visible region. One of the effective method to lower the highest occupied molecular orbital (HOMO)-the lowest unoccupied molecular orbital (LUMO) gap is by lifting the energy of HOMO while at the same time maintaining the suitable LUMO energy level.
Generally, electron-deficient units like 2,1,3-benzothiadiazole (BT) and thiadiazolo[3,4-c]pyridine (PyT) are used to lower LUMO level of molecules, same time to maintain the HOMO level which may lead to lower HOMO-LUMO band gap. This strategy provides a red-shifted UV/Vis spectrum [3] [4] . To further decrease the HOMO-LUMO energy gap, a naphtho[2,1-b:3,4-b´]dithiophene (NDT) unit is connected to BT or PyT to lift the HOMO energy levels. The structures of the dyes studied in this work are shown in Fig. 1 where phenoxazine moiety is used as electron-donating moiety while cyanoacrylic acid as an electron acceptor group. The electron-deficient units BT (dye 2), PyT (dye 3), NDT-BT (dye 4), and NDT-PyT (dye 5) are involved as π-conjugating bridges between donor-acceptor systems. The new phenoxazine-based dyes have been denoted as dye 2 to dye 5. A model of dye 1 with phenylene as the π-spacer was also studied for parallel comparison. In dye 2 and dye 3, the only structural difference is that dye 2 contains a BT unit while dye 3 is equipped with a PyT unit. Computational chemistry methods are used to calculate the electronic, optical and non-linear optical properties. We do hope that this work may help to synthesize efficient organic compounds in future.
Computational details
All the calculations were performed using Gaussian 09 program package [5] . Geometry optimization was carried out by B3LYP (Becke, 3-parameter, Lee-Yang-Parr) functional and 6-31G (d,p) basis set [5] . The lack of imaginary values in the wave numbers calculations indicated the successful geometry optimization. A tight SCF convergence criteria (10 −8 a.u.) and integration grid of 10 -8 were used for all calculations. DFT and TD-DFT are considered as good methodologies to calculate optical properties and have already shown good results [6] . The long-range correction of B3LYP, Coulomb-attenuating method (CAM-B3LYP) was used to calculate absorption spectra of designed dyes. The success of this methodology is already well-established for organic dyes [7] . TD-DFT and solvent effect (methanol) was undertaken using conductor-like polarizable continuum model (CPCM). It has been mentioned in revised manuscript in computational part [8] . During these calculations the 20 lowest singlet-singlet transitions were studied.
Average polarizability (α) is determined using following formula: [8] 
Whereas the ten components (β xxx , β xxy , β xyy , β yyy , β xxz , β xyz , β yyz , β xzz , β yzz and β zzz ) present in Gaussian 09W output file have been considered to calculate first hyperpolarizability (β tot ) by employing following equation: [9] 
Results and discussion
In this article, we have presented the results of theoretical designing of NLO dyes. The different dyes with A-π-D-π-A configuration have been quantum mechanically designed. The computational orientation and structures of dyes are given in Fig. 1 . DFT and TDDFT calculations were performed to shed light on how one donor moiety influence the NLO properties within two acceptors. Using theoretical methods, we have calculated following properties. (i) polarizability (α) (ii) hyperpolarizability (β) and (iii) absorption wave length.
HOMO-LUMO energy band gap
To understand the electronic and spectroscopic properties molecules, it is important to have knowledge of the molecular geometries and electron density distribution of the organic dyes. From table 1. It is clear that energy levels of designed dyes are very sensitive to length of conjugated system. The electron-deficient thiadiazole derivatives in conjugated systems lower the LUMO level and decrease the band gap. BT is considered an excellent group to build low band gap dyes because it significantly lowers the LUMO energy level. As a result red-shifted adsorption spectrum can be obtained. In dye 2, use of electron-deficient BT unit lower the LUMO to -3.889 as compared with dye 1 which contains benzene/phenylene (-3.007 eV). While HOMO levels of Dye 1 and Dye 2 are almost similar. Band gap of Dye2 is 1.708 eV lower than Dye 1. Similar trend has also been observed for Dye 3 and Dye 1. However, a pyridine unit is more π-electron deficient, replacement of benzene with pyridine has given a new unit thiadiazolo[3,4-c]pyridine (PyT). Structural comparison between dyes 2-5 indicates that the replacement of BT with PyT significantly lowers the LUMO energy level as shown in table 1. On comparing dyes 1-4, it has been observed that the replacement of electron-deficient BT unit with more electron-deficient PyT unit effectively lowers the LUMO energy and therefore decreases the band gap. Thiophene is an electron-rich, it increases the HOMO energy level, thus decreases the band gap. One can also decrease the electron-richness of thiophene unit by fusing it with a less electron-rich benzene unit. On comparing dye 3 and dye 4, the incorporation of NDT unit into the π-linkage raises the HOMO energy level of dye 4 to -5.244 eV as compared with that of dye 3 (-5.779 eV).
Non-linear optical properties
Non-linear optical materials are used in communication technology, optical switches and signal processing. So, study of non-linear optical properties are very important. Optical response depends upon on the polarizability (α, linear response) and hyperpolarizabilities (β, γ, etc. nonlinear responses).
Calculation of these properties is very important to assess the non-linear optical potential of molecules. Values of average polarizability and major contributing tensors of five dyes are given in Table 2 . Order of average polarizability of designed systems was: Dye 5> Dye 4> Dye 3> Dye 2> Dye 1. As we discuss in above section, introduction of electron deficient group in pi-spacer remarkably decrease the band gap. As a result, polarity significantly increases. Dye 2 with BT group shows polarizability of 800 a.u, which is higher than Dye 1, because BT group decrease the band gap by lowering the LUMO level. Dye 3 has low band gap as compared to dyes 1 and 2 and shows higher polarizability (1322 a.u).
Comparison among Dye 2 and Dye 3, Dye 4 and Dye 5 indicate that the replacement of BT with PyT significantly increase the polarizability. Basically, pyridine unit is more π-electron deficient than benzene. So, PyT is more electron-deficient and responsible for lower band gap. Generally, a large linear polarizability is required to obtain large hyperpolarizabilities. [11] Hyperpolarizabilities were calculated by using B3LYP functional. The computed β tot values and major contributing tensor of systems are given in Table 3 . Order β tot of five dyes is: Dye 5> Dye 4> Dye 3> Dye 2> Dye 1. Higher NLO response may be due to enhance charge transfer from donor to acceptor through π-spacer along x-axis.
UV-Vis spectra and HOMO-LUMO of dyes
DFT/TDDFT computational methodologies are considered to be reliable for organic dyes [7] [8] [9] [10] [11] . The CAM-B3LYP functional has been reported to provide reliable results for some organic dyes, with excitation energies very close to experimental data [11] .
As compared to Dye 1 with phenylene as π-spacer, the introduction of BT, PyT, NDT-BT, and NDT-PyT moieties have strong impact on UV/Vis spectra and it has led to remarkably red-shifted adsorption bands. Dye 2 with BT unit has shown a remarkable red-shifted absorption by 72 nm than Dye 1. BT has strongly affected the electronic structure of dyes by lowering the LUMO level and responsible for red-shift [3] . PyT is more electron-deficient group than BT, so it has shown more red-shifted absorption than Dye1. Dye 2 and Dye 3 with almost similar structure, Dye 3 has shown a 68 nm red-shifted absorption band as compared to the Dye 2, in fact that the pyridine unit is a more stronger π-electron deficient unit.
From table 4, it can been seen that Dye 4 has shown absorbance maxima at 581 nm that's 206 nm red-shifted than Dye 1. Dye 5 has most electron-deficient π-spacer shown a significant increase in red-shift by 264 nm as compared to Dye 1. The wide absorption bands over whole visible and near infrared are considered to be a good strategy to enhance photocurrent response. We have increased the absorption wavelength from 375 (dye 1) to 639 (dye 5) nm by structural modification.
The TDDFT results show that the electron transition of dye 1 mainly arises from phenoxazine (HOMO) to left cyanoacrylic acid (LUMO) along the x-direction and this character of charge transfer similarly occurs on dyes 2-5 (HOMO to LUMO). HOMO to LUMO transition is most probable and low energy transition. The HOMOs and LUMOs are shown in Fig. 3 . As can be seen from the figure 3, both the highest occupied molecular orbitals and the lowest-lying unoccupied molecular orbitals are delocalized over phenoxazine and left cyano group respectively due to higher value of β XXX component in all the studied dyes (1) (2) (3) (4) (5) . However, the direction of charge transfer is from phenoxazine donor towards cyanoacrylic acid acceptor group.
First hyperpolarizability
In order to have good understanding about First hyperpolarizability or NLO response (β), the information of dipole polarizability is also important. The average polarizability, <α> is defined as:
There are three components of dipole polarizability α xx , α yy and α zz respectively. There is α xx component has the largest value as compared to the α zz and α yy components and the property of the studied dyes (1-5) is mainly assessed by the x-direction transition (Table 1 and Fig. 1 ). The mathematical formulation of dipole polarizability along x-direction is defined in the following equation:
According to equation (4), we know that the α value is directly proportional to the square of transition moment, and is inversely proportional to the transition energy. As a result, the system with least transition energy will have a larger α value. The excitation energies (E), transition moments (M x ge ), and corresponding dominant molecular orbital transitions of dyes 1-5 are provided in Table 4 . The computed M x ge values of studied dyes 1-5 are increasing as follows 1 < 2 < 3 < 4 < 5; the average polarizability, <α> is in the following order: system 5 > 4 > 3 > 2 > 1 as shown in Table 2 . The greater the value of M x ge along x-axis means that the greater is the impact of charge transfer in that direction which leads to greater value of hyperpolarizability. Therefore, the order β tot of five dyes is: Dye 5 > Dye 4 > Dye 3 > Dye 2 > Dye 1 as shown in table 4. Generally, the low-lying HOMO-LUMO energy gap might enhance molecular first hyperpolarizability. The energy gaps of studied dyes are decreasing in the following order: system 1 > 2 > 3 > 4 > 5 while the NLO response is increasing accordingly as follows: 1 < 2 < 4 < 3 < 5.
Conclusions
The DFT and TDDFT methods have been used to explain effect of pi-spacer on NLO and optical properties. The band gap is significantly reduced from 2.455 to 1.261 eV by the modification of π-spacers. The polarizabilities are increased from 582.81 a.u to 1671.79 a.u from dye 1 to dye 5. In this way, the hyperpolarizabilities have been increased from 13660.62 a.u to 295926.1 a.u in studied dyes. Though, by structural modifications we have achieved significant red shifted absorption spectrum from 375 nm (dye 1) to 639 nm (dye 5). We do hope that Non-linear Optical Response of Phenoxazine-based Dyes: Molecular Engineering of Thiadiazole Derivatives as π-spacers 265 this work might be helpful for the molecular design of organic dyes with targeted properties to improve the performance in opto-electronics.
